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ABSTRACT 
The o r i g i n  of any s i g n i f i c a n t  f r a c t i o n  of meteor i tes  from recent  ( l e s s  than  
years  ago) a s t e r o i d a l  c o l l i s i o n s  i s  shown t o  be unacceptable f o r  the  9 4 X LO 
following reasons: 
orders  of magnitude; (2)  t he  e j e c t i o n  v e l o c i t i e s  of s i z a b l e  fragments surv iv ing  
the  shock of a c o l l i s i o n  i s  l e s s  than 100 m/sec, i n s u f f i c i e n t  t o  produce any 
s i g n i f i c a n t  o r b i t a l  change; (3) higher  v e l o c i t i e s  of some favourably placed f r ag -  
ments, acce le ra ted  by t h e  explosion gases and c h a r a c t e r i s t i c  of l una r  ray  c r a t e r s ,  
cannot occur because gaseous products cannot be s i g n i f i c a n t l y  formed a t  t h e  l aw-  
ve loc i ty  a s t e r o i d a l  c o l l i s i o n s ;  (4) t h e  o r b i t a l  c h a r a c t e r i s t i c s  ( e spec ia l ly  t h e  
l a r g e  e c c e n t r i c i t i e s )  of meteor i tes  a r e  unl ike those expected from a s t e r o i d a l  
fragments d ive r t ed  t o  e a r t h P s  space by Mars per turba t ions ,  
(1) t h e  expected number of such ob jec t s  f a l l s  sho r t  by four  
Some Low-velocity ( 5  km/sec e x t u a t e r r e s t 3 i a l )  meteori tes  (probably t e k t i t e s )  
may be of l una r  o r ig in ,  but  t hese  cannot account f o r  more than 0,2- loo$ of a l l  
meteori tes  which have a much higher  average ve1ocit.y (18 km/sec), 
A p lane t  co l laps ing  from f n s t a b i l f t i e s  of s o l i d  s t a t e  phase t r a n s i t i o n s  cannot 
cause meteori tes  t o  be e j ec t ed  i n t o  space, 
Only an  o r i g i n  from decaying comet nuc le i  can account f o r  a11 the  f a c t s ,  
It is  suggested t h a t  t h e  meteori tes  have been produced i n  p lane tary  c o l l i s i o n s  a t  
a t i m e  when t h e  g i a n t  p l ane t s  ( 3 J p i t e r )  were formed. 
t h e  i ce s  of comet nuc le i ,  which were subsequently e j e c t e d  t o  Q o r t ' s  sphere of 
comets, 
t u rba t ions ,  some nuc le i  a r e  now re turn ing  t o  t h e  inner  s o l a r  system, Af t e r  
evaporation of t he  i c e s  the  enclosed meteor i tes  a r e  re leased,  The t o t a l  mass of 
debr i s  from t h e  pe r iod ic  comets a lone i s  amply s u f f i c i e n t  not only t o  account f o r  
t h e  meteor i tes ,  but  a l s o  t o  con t r ibu te  a considerable  f r a c t i o n  of  t he  much l a r g e r  
t o t a l  mass of i n t e rp l ane ta ry  dust .  
They were then imbedded i n  
A s  t h e  r e s u l t  of an i n t e r p l a y  of s t e l l a r  and p lane tary  ( J u p i t e r )  per -  
The absence of me teo r i t i c  ob jec t s  from some meteor showers (Perse ids)  and 
t h e i r  occurrence i n  o thers  (Southern Taurids ,  from Eneke's Comet) can be we l l  
explained by t h e  circumstances of j e t  e j e c t i o n  of t h e  p a r t i c l e s  competing wi th  
t h e  g r a v i t a t i o n  of t h e  nucleus,  
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i 
There cannot be shock hea t ing  of e j ec t ed  s i z a b l e  meteoric bodies during 
c o l l i s i o n s  - those fragments which a r e  heated and e j e c t e d  are inev i t ab ly  pulver ized,  
while those e j e c t e d  wi th  s i z a b l e  dimensions cannot have been s i g n i f i c a n t l y  heated. 
Ultra-high shock can produce compaction hea t ing  and c r y s t a l  t ransformation by 
a l l - s i d e d  compression, b u t  t h e  mass of s i z a b l e  fragments s o  a f f e c t e d  is  very small  
and the  surv iv ing  fragments a r e  prevented from l eav ing  t h e  s e a t  of impact with 
considerable  v e l o c i t i e s ,  The crowding of t h e  helium r e t e n t i o n  ages of hypersthenes 
around an apparent  value of 5 $( lO 
during a c o l l i s i o n a l  event  which happened a$ t h a t  time, They a r e  r a t h e r  an ind i -  
ca t ion  of t h e  breakup of g i a n t  sssun-gr%zings' comets whose me teo r i t i c  ma te r i a l  was 
shocked a t  the  dawn of the  s o l a r  system and i s  a b l e  t o  r e t a i n  f i rmly  only 12% of 
t h e  helium, t h e  r e s t  being l o s t  during the  cosmic-ra,y exposure phase. The mete- 
or - f t ic  debr i s  could have continued on t h e  o r i g i n a l  o r b i t  f o r  some LO years ,  
being heated i n  repeated pe r ihe l ion  passages u n t i l  d ispersed by p lane tary  
per turba t ions  
8 years  cannot be explained by shock heat ing 
6 
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1. Astero ida l  Or ig in  
The o r i g i n  of  those centimetre t o  metre s i z e  stony and n icke l - i ron  fragments 
of i n t e rp l ane ta ry  s t r a y  bodies which 
t e r r e s t r i a l  atmosphere, a r e  now preserved i n  the  museums, i s  a t  p resent  most com- 
monly ascr ibed  t o  t h e  a s t e r o i d a l  b e l t ,  
mentx of a1.l s i z e s  are produced there ;  these  by way of o r b i t a l  change, could then 
be d iver ted  t o  t h e  e a r t h s s  space,  Rs t h e  main d i v e r t i n g  agent ,  pe r tu rba t ions  of 
the  o r b i t a l  elements of t h e  fragments i n  repeated c lose  encounters wi th  Mars has 
been r i g h t l y  postulated;  t hese  augment t h e  r e l a t i v e l y  small  p e c u l i a r  v e l o c i t i e s  
c rea ted  i n  a c o l l i s i o n  and change zhe direexion cf t h e  encouater ve loc i ty  vec tor  
U (Jacobian ve loc i ty  i n  a frame r o t a t i n g  wi th  the  c i r c u l a r  o r b i t a l  motion a.t 
heli0centrf .c d i s tance  r bu t  ou ts ide  t h e  sphere of a.ction of a p l a n e t )  so t h a t  
e a r t h  crossing becomes poss ib l e ,  Within i n t e r v a l s  of 50,000 100,000 years  
t he  secu la r  motion (usua l ly  advance) of t h e  argument of pe r ihe l ion  (angular  d i s -  
tance of pe r ihe l ion  from node) then  makes c o l l i s i o n s  wi th  the  e a r t h  poss ib l e ,  
al though o r i g i n a l l y  the  de f l ec t ed  o r b i t  may not i n t e r s e c t  t h e  pa th  of t h e  e a r t h  
but  only i n t e r l o c k  ("cross") .  
c o l l i s i o n s  of s t r a y  bodies i n  c lose  encounters (wi th in  the  sphere of a c t i o n )  
wi th  t h e  p l ane t s  is  one of s t ra ight forward  c e l e s t i a l  mechanics and p robab i l i t y  
calculus  and has been t r e a t e d  consecutively i n  more and more d e t a i l  by t h i s  
w r i t e r  (_Refa, l -=- 4); t he  theory of formation and eJlection of fragments i n  hyper- 
ve loc i ty  c o l l i s i o n s  o f f e r s  a supporting branch, a l s o  developed by the  w r i t e r  
(Refs, 5-81? though on l e s s  p r e c i s e  l i n e s  but ,  wi th in  a margin o f  l0-20$ i n  
t h e  numerical r e s u l t s  f u l l y  v e r i f i e d  by experiment a 
a f t e r  surv iv ing  the  passa,ge through t h e  
Undoubtedly a s t e r o i d s  do c e l l i d e  and f rag-  
The mechanism leading  t o  o r b i t a l  change and 
The c o l l i s i o n  and d e f l e c t i o n  encounter cross  sec t ions  s t rongly  depend on 
-2 -. 4 U ( f o r  s m a l l  values near ly  as U 
i n  encounters wi th  a p lane t  i n  c i r c u l a r  o r b i t  ( Jacobi  i n t e g r a l )  but i s  acce lera ted  
i n  repeated encounters wi th  a p l ane t  i n  an e l l i p t r l c a l  and/or precessing o r b i t ,  
The acce le ra t ion ,  an  e q u i p a r t i t i o n  e f f e c t  s i m i l a r  t o  t h e  Fermi mechanism f o r  cos- 
m i s  rays,  was overlooked by ' b i k  but  empir ica l ly  discovered by Arnold ( R e f ,  - 9 )  i n  
Monte Carlo ca l cu la t ions  o r  llexperiments"; pos t  factum, Opik derived f o r  it a simple 
s t a t i s t i ca l -mechan ica l  expression (Ref, - 4), 
and U r e spec t ive ly )  which i s  an invarrfant 
li 
P
Within t h e  sampling e r r o r  of t he  
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Monte Carlo ca l cu la t ions ,  t h e  theory of encounter p r o b a b i l i t i e s  a s  amended t o  
account f o r  t h e  va r i ab le  o r b i t a l  elements, and t h e  theory of acce le ra t ion  of t h e  
encounter ve loc i ty  a r e  empir ica l ly  confirmed and can be f i rmly used without recourse 
to ,  and wi th  g r e a t e r  confidence and less labour  than, t h e  Monte Carlo method (Ref , lO),  - 
I n  any case, t he re  i s  no d i f fe rence  of p r i n c i p l e  i n  the  two methods of approach; 
t h e  t h e o r e t i c a l  one, wi th  a c l e a r  i n s i g h t  i n t o  t h e  causes and consequences, and 
not a f f e c t e d  by t h e  sampling e r r o r s  of a f i n i t e  number of Monte Carlo numerical 
experiments, is  t o  be prefer red ,  
Although some meteori tes  undoubtedly may a r r i v e  from t h e  a s t e r o i d a l  b e l t  
t h e i r  r e l a t i v e  number must be neg l ig ib l e ,  and t h i s  f o r  s e v e r a l  reasons,  each of  
which carrying considerable  weight while i n  t h e i r  complexity they seem d e f i n i t e l y  . 
t o  exclude t h i s  source as  a no t iceable  cont r ibu tor ,  
2 ,  Predic ted  Numbers 
r-- / 
From a synthes is  of  observa t iona l  data pe r t a in ing  t o  the  s t r a y  bodies moving 
i n  the  e a r t h ' s  v i c i n i t y  and e i t h e r  seen from a d is tance ,  o r  en te r ing  t h e  e a r t h P s  
atmosphere and even s t r i k i n g  the  ground i n  c r a t e r i n g  events ,  t h i s  w r i t e r  has de- 
r ived  a probable d i s t r i b u t i o n  of  t h e i r  s i z e s  (Ref, - 6,  p. 3 5 ) .  Select. ion f a c t o r s  
have been c a r e f u l l y  considered, and t h e  au thor  f e e l s  t h a t  t he  data a r e  p re fe rab le  
t o  many o the r  compilations of t h i s  s o r t  which may have lacked 8, s i m i l a r  exhaustive- 
ness o f  approach, As a check, t he  pred ic ted  f luxes  agree w i t h  t he  observed numbers 
of  c r a t e r s  on t h e  lunar  sur face  wi th in  the  diameter range from 20 m t.0 5 km b e t t e r  
than t o  a f a c t o r  of 2 (Ref. 8 ) ,  
meteori te  f l u x  can be represented a s  a superposi t fon of  t h r e e  component popula- 
t i o n s  d is t inguished  by t h e i r  o r b i t a l  c h a r a c t e r i s t i c s  and having d i f f e r e n t  popula- 
t i o n  exponents, ps  a s  defined by 
Over t h e  s i z e  range we a r e  i n t e r e s t e d  i n  t h e  -
dN = Cx-'dx (0 
where dll is  t h e  number ( e i t h e r  pe r  u n i t  of volume, or a f l u x  p e r  u n i t  of  time 
and a r e a )  wi th in  l f m i t s  of x t o  x 4- dx of t h e  equivalent  rad ius  ( o r  diameter)  
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of t h e  p a r t i c l e s .  These components are:  t he  "Apollo" group of apparent  a s t e r o i d s  
( t o  be i d e n t i f i e d  with e x t i n c t  comet n u c l e i )  c ross ing  t h e  e a r t h ' s  o r b i t  whose 
numbers f o r  t h e  smaller  s i z e s  merge i n t o  t h e  bona f i d e  meteori tes  (50 em t o  8 m 
diameter),  wi th  p = 3.7; t he  nuc le i  of " l i v e "  comets, % , e ,  those which have not  
exhausted t h e i r  s t o r e  of i c e s  and whose evaporation products  produce t h e  charac- 
t e r i s t i c  gaseous envelopes and t a i l s  of comets ( t h e i r  dimensions a r e  evaluated t o  
about 3 0 - 5 6  r e l i a b i l i t y  from photometric and phys ica l  da ta ,  __D- cf ,Refs ,  3, 11, 12)  
wi th  p = 3.2; and the  a s t e r o i d a l  populat ion around Mars, def lec ted  by Mars per-  
t u rba t ions  i n  c lose  approaches t o  e a r t h  crossings,  wi th  p = 2,6, 
the  l a t t e r  group were ca l cu la t ed  from the  theory of g r a v i t a t i o n a l  encounters,  on 
t h e  bas i s  of t h e  observed a s t e r o i d a l  populat ion i n  Mars crossings,  The numbers 
-En the  f irst  two groips  a r e  derived d i r e c t l y  from observa t iona l  da ta ,  duly allow- 
ing  f o r  s e l e c t i o n  e f f e c t s .  The r e l a t i v e  numbers t o  d i f f e r e n t  diameter l i m i t s  of 
t he  three  components a r e  given i n  Table 1, 
The numbers f o r  
Table 1. Relat ive Cumulative Fluxes upon Ear th  of S t ray  Bodies 
(Apollo + meteori te  group taken a s  u n i t y )  (mostly ex t rapola ted)  
Diameter lower 
l i m i t ,  metres 2100 520 130 40 LO 20 > 
Comet nucle i 3.3 105 0~64 0036 0,18 0, og 
Mars a .s teroids  0 ~ 3 0  0~07 0,014 0,004 0,001 2 p 0 - ~  
Although the  Mars a s t e r o i d s  def lec ted  t o  e a r t h  a r e  conspicuous among bodies 
of kilometre s i z e  and l a r g e r ,  t h e i r  p red ic t ed  numbers i n  t h e  meteori te  range be- 
come vanishingly small  as compared t o  t h e  a c t u a l  observed number which i s  covered 
by the  Wpollo-meteorite group, taken as uni ty  i n  t h e  t a b l e ,  Mars a s t e r o i d s  a r e  
not  expected t o  cont r ibu te  s i g n i f i c a n t l y  t o  t h e  meteori te  populat ion unless  t h e i r  
populat ion exponent 
f o r  t he  l a r g e s t  observable members of  t h i s  group, 
f o r  smaller  members considerably exceeds t h e  value of p = 2 , 6  
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3 .  Egection Velocity of Fragments 
R 
It has been suggested t h a t  t h e  v e l o c i t i e s  imparted t o  the  fragments of  an  
a s t e r o i d a l  c o l l i s i o n  m y  produce o r b i t a l  changes which make it  e a s i e r  f o r  them 
t o  pene t r a t e  inwards toward t e r r e s t r i a l  space which otherwise is forbidden t o  
bona f i d e  a s t e r o i d s ,  on account of t h e i r  smal l  o r b i t a l  e c c e n t r i c i t i e s ,  
t he  pe r ihe l ion  of a fragment from a t y p i c a l  a s t e r o i d  of t he  main populat ion 
(a = 2 , 8  a s t ron ,  u n i t s )  i n t o  c ross ing  wi th  t h e  o r b i t  6f t h e  e a r t h ,  a backward 
d i r ec t ed  e j e c t i o n  ve loc i ty  of 4-5 km/sec is  required,  Ins tead  of one s t ep ,  t h e  
fragment may be brought i n t o  contact  wi th  the  ou te r  f r i n g e  of t h e  Martian o r b i t  
( l , 6 7 a . u O  ) through a r e t r o  e j e c t i o n  ve loc i ty  of 2 0 5  km/sec; Marxian per turba t ions  
would than take  over as a second s t e p ,  to modify t h e  o r b i t  i n  such a manner t h a t  
e a r t h  crossing can be achieved, 
fragments i n  Martian space,  above the  numbers i n  t h e  l a s t  l i n e  of Table 1 which 
were extr%polated from t h e  observable members of t h e  Marcian family which a r e  
much l a r g e r  than the  me teo r i t i c  fragments-the hypo te t i ca l  unobservable component 
of  t he  Martian aa t e ro ida , l  populat ion,  
To b r ing  
This would increase  t h e  pred ic ted  number of small  
Against 34 l i s t e d  Martian a s t e r o i d s  t h e r e  are near ly  2000, o r  60 times more 
a s t e r o i d s  of t h e  main bel t .  i n  t h e  catalogues,  There i s  an observa t iona l  s e l e c t i o n  
f a c t o r  i n  favour of  t h e  Maxtian a s t e r o i d s  due t o  t h e i r  nearness which, roughly, 
can be s e t  equal  t o  
where a -  l is t h e  geocent r ic  d i s tance  a t  opposi t ion and p is  t h e  populat ion 
exponent? t h e  same a s  i n  Eq, (l)] 
"populat ion index" f o r  cumulative numbers, 
t he  f a c t o r  becomes 8 and the  upper 1 . i m i t  of enhancement of t he  supply of small  
a n  in t eg ra t ion  of which y i e l d s  php l as t h e  
With a2 =. 2 0 8 y  a. = 1,5 a , u , ,  p = 2,6, 
l 
fragments i s  then 60 x 8 = 480, The last  f i g u r e  i n  Table 1 becomes then 2 x 1 0  -4 
480 = 0,1, o r  s t i l l  i n s u f f i c i e n t  by a f a c t o r  of LO, t o  account f o r  t h e  a c t u a l  f l u x  
of meteori tes  a t  x = 2 " 5  metres,  
exaggerated, and t h e  in su f f i c i ency  of t h e  Martian pe r tu rba t ions  i n  providing t h e  
The e f f i c i ency  f a c t o r  i s  undoubtedly gross ly  
meteori te  f l u x  a t  t h e  e a r t h  appears t o  be d i f f i c u l t  t o  r e f u t e ,  even when the  e n t i r e  
a s t e r o i d  populat ion i s  somehow made an  e f f i c i e n t  source rep len ish ing  Martian space. 
Actual ly ,  however, t h e  mechanism of c r a t e r i n g  a t  c o l l i s i o n  does not  leave 
such a loophole of e x t r a  supply from t h e  main a s t e r o i d a l  b e l t ,  
I n  c r a t e r i n g  events ,  two types of fragmentation and e j e c t i o n  a r e  opera t ive  
(Refs. _I___ 6, 7, and especia . l ly  8). The main mass of  e j e c t a  comes from t h e  rock tar- 
g e t  sha t t e red  by an  ine l ads t i c  i n e r t i a l  shock wave, expanding r a d i a l l y  from t h e  
region of  impact ("centra . l  funnel") ,  i n s ide  a volume over which t h e  rock is unable 
t o  accommodate v i b r a t i o n a l l y  t h e  energy of  t h e  shock, If y i s  t h e  f r a c t i o n a l  
mass ins ide  t h e  excavated volume (y  = 0 a t  t h e  cent re  and l a t  t h e  per iphery of 
t he  c ra t e r ;  t he  contour i s  t h a t  of  t h e  shock wave f r o n t ) ,  t he  s i z e  of t h e  f r ag -  
ments (rocks a t  t h e  per iphery,  dust  o r  " rock  fl.our" i n  t h e  i n t e r i o r )  i s  
where D is the  c r a t e r  diameter (Ref, - 81, and t h e i r  average e J e c t i o n  ve loc i ty  
a t  y is 
= dens i ty ,  s = crushing s t r e n g t h  of t he  rocky t a r g e t  and h is  a c o f f i c i e n t  
of e l a s t i c  e f f i c i ency ,  For ordinary rocks, ,$ = 9 x  lo dyne/cm = 2 0 6 j  ,,A= 0 0 5  
(experimentally;  f o r  grznular  t a r g e t s  h = 0.3) and 
8 2 
These equations,  der ived from f i rs t  p r i n c i p l e s ,  l ead  t o  a frequency d i s t r i b u t i o n  
of t h e  fragments wi th  p = 3.875 [Eq- (111 Counts of p a r t i c l e s  on Luna 9 p i c t u r e s  
gave p = 3.9 - + 0,2 ( R e f ,  p_ 13) and on Surveyor I p = 3.77 ( R e f ,  - 14)- f o r  t he  volume 
d i s t r i b u t i o n  of p a r t i c l e  s i z e s ,  a p e r f e c t  confirmation ( sur face  d i s t r i b u t i o n  of t he  
I .  
fragments w a s  a c t u a l l y  counted; t h i s  is ru l ed  by t h e  exponent p - l), 
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A s  an  example, f o r  a c r a t e r  of 1 km diameter, fragments of x >  50 em requi re  
y > 0.64 and v < 100 m/sec. 
help t o  expand not iceably  t h e  s t o r e  of  fragments i n  Martian space a t  t h e  expense 
of  t h e  a s t e r o i d a l  b e l t  
T h i s  is absolu te ly  i n s i g n i f i c a n t  and i n  no way can 
Another type of e j e c t i o n  depends on the  formation and explosion of gaseo,us 
products near  t h e  po in t  of impact. 
broken o f f  t h e  sur face  l aye r s  of  t h e  c r a t e r ,  can be c a r r i e d  along and acce le ra t ed  
by the  vapour j e t  without excessive pressure ,  by way of  gradual  acce le ra t ion  along 
a ''runway'' of t h e  order  of t h e  depth of t h e  c r a t e r ,  The l a r g e r  t h e  c r a t e r ,  t he  
l a r g e r  t h e  fragments t h a t  can be acce le ra t ed  t o  a c e r t a i n  v e l o c i t y  without being 
demolished (Ref, __. 7). Vaporization r equ i r e s  a high k i n e t i c  energy a t  impact, and 
only high-veloci ty  c o l l i s i o n s  can y i e l d  such an e f f e c t ,  The ray  c r a t e r s  on the  
moon a r e  apparent ly  examples of such events;  from an app l i ca t ion  of c r a t e r i n g  
theory t o  c e r t a i n  c r a t e r l e t s  on t e l e scop ic  and Ranger VI1 photographs, i n t e r -  
p re t ed  as being produced by secondary ray  e j e c t a ,  t he  foblawing es t imates  
(Table 2 )  of s i z e  and s t r e n g t h  of t h e  e j e c t e d  "boulders" (not  surv iv ing  t h e  
impact) a r e  made (Ref, - 8); t h e  v e l o c i t i e s  can be ca lcu la ted  almost unambiguously 
from the  d is tance  of f l i g h t ,  an  angle  of 45 
Some blocks o f  considerable  dimensions, 
0 f o r  e j e c t i o n  being assumed, 
Table 2, Ray Crater E jec t a  on t h e  Moon 
Parent, Cra te r  B u 1 l i a I . d ~ ~  Tycho Tycho Copernieus Copernicus 
F l i g h t  Distance,  km 236 1046 1050 130 590 
ve ioc i ty ,  km/sec 0.60 ~ 1 6  1.16 0,48 0,94 
Avero Diarn, km 1,94 1,02 1-36 6,o 3.0 
Secondary Cra te rs ,  
Ejected P r o j e c t i l e  
D i a m ,  , km 0,80 0 ~ 2 5  0.32 2 .5  ~ 0 3  
Streng  h of E j  e t a ,  s,LO 6 dyne/cm 5 6 5 7.5 8 13 
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These est imated v e l o c i t i e s  hardly exceed 1 km/sec, bu t  it is poss ib l e  t h a t  
up t o  2 0 5  km/sec can be a t t a i n e d  by small  fragments, i f  t e k t i t e s  a r e  of lunar  
o r ig in ;  it i s  indeed l i k e l y  t h a t  some luna r  e j e c t a  a c t u a l l y  a r e  f a l l i n g  on ea r th ,  
as the  frequency d i s t r i b u t i o n  of meteor v e l o c i t i e s  seems t o  imply. 
dimensions t h e  f r a c t i o n  of such high v e l o c i t y  ob jec t s  may be about O02% (Ref,lO),  _D_ 
or l e s s  than 0,1% of the  ma te r i a l  cu r ren t ly  crushed i n  lunar  c r a t e r i n g  events ,  
A similar prapor t ion  may be expected i n  a s t e r o i d a l  c o l l i s i o n s  i f  vaporizat ion 
occurs,  This is  t o o  smll a f r a c t i o n  t o  be reckoned wi th  a s  a s i g n i f i c a n t  
source of n a t e r i a l  en t e r ing  t h e  Martian space from outs ide ,  t o  compare wi th  the  
indigenous populat ion of Martian a s t e r o i d s  included i n  Table lo 
A t  meteor i te  
Moreover, t he  high-veloci ty  ray c r a t e r  e j e c t a  r equ i r e  production of  hot 
expanding gas,  
primary s e a t  of  impact, t h e  " c e n t r a l  funnel" 
it,s mass is about 23 times t h a t  of t he  p r o J e c t i l e ,  and t h e  average hea t  developed 
i n  t h e  funnel  i s  
A t  an encounter ve loc i ty  of 5 km/sec of  two a s t e ro ids ,  t h e  
becomes thoroughly mixed (Ref. 6);  
5 2  9 $ ( 5  x 10 ) /25  = 5 x 10 erg/gram a 
T h i s  equals about 6% of the  amount required f o r  vaporizat ion,  and one-quarter 
of t he  hea t  needed f o r  fusion.  S ign i f i can t  amounts of vapours cannot be formed, 
and t h e  mechanism f o r  t he  high-veloci ty  " r ay  c ra t e r "  e j e c t a  does not work i n  t h e  
low-velocity a s t e r o i d a l  c o l l i s i o n s  
Only s o l i d  fragments wi th  a v e l o c t t y  of t he  order  Gf LOO m/sec a r e  e jec ted ;  
t he  c o l l i s i o n a l  e j e c t i o n  mechanism i s  u t t e r l y  unable t o  feed t h e  debr i s  from t h e  
a s t e r o i d a l  b e l t  i n t o  Martian space. The vanishingly small  f i gu res  of Table 1 
f o r  the  share  of Martian a s t e r o i d s  i n  the  me teo r i t i c  populat ion thus  remain va l id .  
A s  t o  production of smal l  fragments by c o l l i s i o n s  of o r  wfth>the Martian 
a s t e r o i d s  themselves, t h e i r  populat ion i s  t o o  sml l  and co l l i s ion$ too  r a r e  t o  
a f f e c t  t he  d i s t r i b u t i o n  of fragment s i z e s  t o  any s i g n i f i c a n t  degree, For these  
debris, Mars i s  the  main c o l l i s i o n a l  r i s k ,  y e t  no fragments of  a c o l l i s i o n  could 
escape from the  g r a v i t a t i o n a l  f i e l d  of  t he  p l ane t ,  Those which survive t h e  c o l l i -  
s i o n a l  f a t e ,  a r e  - slowly but  surely- l e d  by pe r tu rba t ion  t o  e a r t h  o r  J u p i t e r  
crossings and el iminated the re  much sooner than mutual c o l l i s i o n s  between them- 
se lves  come i n t o  e f f e c t .  
9 
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4. O r b i t a l  Cha rac t e r i s t i c s  
I 
The s t a t i s t i c s  of  t r u e  meteori te  o r b i t s  is  very incomplete because of t he  
imposs ib i l i ty  of  having pre-arranged observat ions.  The e x i s t i n g  evidence shows 
t h a t ,  wi th high e c c e n t r i c i t i e s  ( e ) ,  and wi th  i n c l i n a t i o n s  (5.) t h a t  a r e  t o o  small 
from the  s tandpoint  of  e q u i p a r t i t i o n  of  t he  components of encounter ve loc i ty  
(Ref, lo), they f a l l  on t h e  o the r  s i d e  of t h e  b r i g h t  meteors and Apollo group 
ob jec t s  wi th  more o r  l e s s  equ ipa r t i t i oned  components, as compared t o  t h e  Martian 
and Be l t  Asteroids  which have t o o  small  an everage e c c e n t r i c i t y  f o r  t h e i r  i n c l i -  
na t ions ,  These two bas i c  groups a r e  d e f i n i t e l y  non-equipar t i t ioned.  However, 
i f  t h e  meteori tes  a r e  thrown i n t o  t e r r e s t r i a l  space by Martian per turba t ions ,  
i n  t h i s  process e q u i p a r t i t i o n  of  e and i w i l l  be approached automatical ly ,  s o  
t h a t  i n  t h i s  r e spec t  t he  c r i t e r i o n  of e q u i p a r t i t i o n  i s  not  very s t r i n g e n t ,  More 
important i s  the  absence of e q u i p a r t i t i o n  among the  Martian a s t e r o i d s  which i n d i -  
ca t e s  the  in s ign i f i cance  of the  per turba t ions  over t h e  age of t he  s o l a r  system, 
Cutoff of l a rge  e c c e n t r i c i t i e s  by e a r t h  and J u p i t e r  crossings is undoubtedly a l s o  
a f a c t o r  here ,  
-
The most important o r b i t a l  c r i t e r i o n  i s  t h e  Jacobian encounter ve loc i ty ,  
U, given by 
2 u = 3 -  l / A  - 
i n  u n i t s  of t he  c i r c u l a r  -aelocity a t  h e l i o c e n t r i c  d i s tance  r, wi:h A = a/r9 
being the  semi-major axis of t h e  p a r t i c l e l s  o r b i t ,  
t r i c  d i s tance  of  a p l ane t  i n  c i r c u l a r  o r b i t ,  U is an  inva r i an t  i n  consecutive 
encounters wi th  t h a t  p l ane t ,  
va r i e s  but  not very much; thus,  f o r  t he  10  members of t he  Apollo group all con- 
t a ined  in s ide  J u p i t e r ' s  o r b i t  (Comet, Wilson-Harrington being excluded, as i ts  
prel iminary o r b i t  used i n  Ref. 3 turned out  t o  be inco r rec t  and t h e  objec t  i s  
c ross ing  J u p i t e r ' s  o r b i t ,  comprised between aphel ion of 5,60 and pe r ihe l ion  of 
L 5 9  sou. , Pef. 15) the  average wi th  respec t  t o  e a r t h  i s  U 
respec t  t o  Mars U 
t h i s  parameter between e a r t h  and Mars c ross ings  can be found from Equation ( 5 )  
When r is t h e  mean hel iocen-  
For crossings wi th  d i f f e r e n t  p l ane t s ,  U somewhat 
__1_0 
= 0,705, and w i t h  e 
= 0.706 ( c f ,  a l s o  Table 6). Generally, t he  d i f fe rence  of 
_m_l m 
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and i s  given by 
U e 24. U m = 0,524/a - 0 . 3 8 0 b ( l  - eg'cosi. (6) 
For s m a l l  i n c l i n a t i o n s ,  as is  a c t u a l l y  t h e  case f o r  almost a l l  these  objec ts ,  
U e < U m o  Thus, a t  i = 0, a = 2, e = 0,39 o r  f o r  a graz ing  approach t o  ea r th ,  
U = 00505g U = 0.224, 
average f o r  Martian a s t e r o i d s ) ,  U 
extreme case, 
i nva r i ab le  p lane  of t he  s o l a r  system) w i l l  in t roduce an acce le ra t ion  of 
A t  a = 1,262, e = 0,208, i = 25O.4, Um = 0,426 ( t h e  m e 
= 0,468, thus  a s l i g h t  increase  i n  t h i s  very e 
The non-c i rcu lar i ty  and precession of t h e  Martian o r b i t  (around the  
, 
p e r  " f u l l  accumulated def lect ion" (of 90') ( R e f ,  e_ 4) 
(Table 2, a__ R e f ,  3), a t  U = 0,4 
encounters pex one de f l ec t ion  t o  e a r t h  crossing,  o r  a,n acce le ra t ion  U = 
+0,0306 a t  en te r ing  e a r t h ' s  space (unless  t h e  a s t e r o i d  is  el iminated by c o l l i -  
s ion  with Mars). 
From t h e  encounter t a b l e s  
0,5 it takes  an avemge of l /@earth = 2 .8  f u l l  
9 .') 
I n  e a r t h  space, 8 f u r t h e r  acce le ra t ion  by ea r th ,  
p e r  f u l l  de f l ec t ion  i s  added, However, t h e  e l imina t ion  r a t e  i n  e a r t h  space i s  
high and allows only one f u l l  de f l ec t ion  t o  be achieved, Hence, from t h e  
acce le ra t ion  mechanism, Mars a s t e r o i d s  d iver ted  t o  e a r t h  space w i l l  show a t o t a l  
increase 
For Um = 0.4 and O o 3 ,  r e spec t ive ly  ( a s  t h e  a c t u a l  values  a r e  running),  U 
0,440 and 0,533j  respec t ive ly ,  could r e s u l t ,  
a s t e r o i d s  is 0,426, and a.n increase  from acce le ra t ion  t o  about 0,47 should be 
counterbalanced by t h e  decrease according t o  Eguakion (6 )  The U-parameters of  
def lec ted  Martian a s t e r o i d s  should be more o r  l e s s  equal  i n  Martian and t e r r e s -  
t r i a l  space and s t a y  around an average of about 0,45, wel l  below the  averages f o r  
t h e  Apollo group ( n  = lo, O07O), t he  Superschmidt b r i g h t  meteors moving in s ide  
= 
e 
The average f o r  t h e  Martian 
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J u p i t e r ' s  o r b i t  (n  = 891, U = 0,59) ,  and the  smal l  sample of somewhat uncer ta in  
meteori te  o r b i t s  ( n  = 13, U = 0,525)(Ref0 - 10, a l s o  Table 6 below), 
t h e  meteor i tes  must be placed between t h e  Superschmidt and Apollo groups, both 
wi th  we l l  determined o r b i t a l  parameters,  and t h e i r  t r u e  average U value may be 
higher  than ind ica ted  by t h e i r  poor o r b i t a l  data ,  
Most probably, 
Se lec t ion  e f f e c t s  must s t rong ly  enhance t h i s  conclusion, The encounter c ross  
s e c t i o n  f o r  angular  de f l ec t ion  and o r b i t a l  change i s  e s s e n t i a l l y  propor t iona l  
t o  U 
space ( t e r r e s t r i a l  c ross ings) ,  t o  a f l u c t u a t i n g  f a c t o r  of  t h e  order  of uni ty ,  must 
be propor t iona l  t o  t h i s  c ross  sec t ion ,  
or t he  p robab i l i t y  t h a t  t he  ob jec t  which escapes phys ica l  c o l l i s i o n  with Mars, 
w i l l  e n t e r  i n t o  t e r r e s t r i a l  crossing,  must be added; t h i s  slowly increases  wi th  
increas ing  U, 
from Mars t o  e a r t h  crossings r e s u l t s ,  and t h e  average U- value for the  f l u x  of 
Martian ob jec t s  (not  surv iv ing  i n  space) must be much 
lower than the  Martian average of  0.426, 
Arnold a r r i v e s  a t  an  average of U = 0,252 f o r  t h i s  c l a s s  of  ob jec t s ,  
elements f o r  t h e  34 l i s t e d  Martian a s t e r o i d s  (Ref, __D 3 ,  Table 7 )  provide even a 
b e t t e r  d i r e c t  es t imate  of t h i s  average, 
v iv ing  the  chances of phys i ca l  c o l l i s i o n s  must ha~re  undergone a s u f f i c i e n t  number 
of equfpa r t i t i on ing  encounters wi th  Mars, s o  t h a t  f o r  them the  s t a t i s t i c a l  average 
of t h e  de f l ec t ion  p robab i l i t y  p e r  revolu t ion  f o r  randomly varying o r b i t a l  elements 
can be used (Refs,  -18 and 4)(except. when U i s  very small) :  
-4 (Refs. __p__ 3 and 4 ) ,  and the  i n f l u x  of  Martian a s t e r o i d s  i n t o  t e r r e s t r i a l  
A f u r t h e r  f a c t o r ,  JE (Ref. 3, Table 7)> 
A s t rong  b i a s  toward s m a l l  U- values  f o r  t h e  ob jec t s  def lec ted  
Indeed, from Monte Carlo ca l cu la t ions  
The a c t u a l  
Those defl_eet,ed t o  e a r t h  space and su r -  
P, = 3;/u 9 
whereu  i s  t h e  e f f e c t i v e  t a r g e t  r ad ius  f o r  angular  de f l ec t ion  of 90' bo2 is  t h e  
cross  s e c t i o n ) ,  
m E  
On t h e  o the r  hand, i n  E t h e  l i f e t i m e s  i n  t e r r e s t r i a l  (f ) and Martian (rm) 
crossings w i l l  be i n  a more or less constant  ratio; t h e  i n j e c t i o n  r a t e  w i l l  be 
propor t iona l  t o  J 8&" 
i n  the balance when i n j e c t i o n  equals  loss, t h e  d i s t r i b u t i o n  of t h e  U- values  of 
t h e  ob jec t s  i n j e c t e d  i n t o  t e r r e s t r i a l  space and surv iv ing  the re  w i l l  c lose ly  copy 
the  d i s t r i b u t i o n  of t he  JE values  of t h e  parent  Martian populat ion,  
The i n f l u x  i n t o  t e r r e s t r i a l  crossings is  propor t iona l  t o  p J 
e 
-1 -1 
t h e  loss  from t e r r e s t r i a l  space p ropor t iona l  t o  fe and, E m  
With d a n d  
- 13 - 
J taken from Ref, 39 Table 2, t h e  o r i g i n a l  d i s t r i b u t i o n  of  t h e  U- values  f o r  
t he  Martian a s t e r o i d s  is  transformed i n t o  probable d i s t r i b u t i o n s  when in j ec t ed  
i n t o  t e r r e s t r i a l  space a s  shown i n  Table 3. 
p_ E 
Table 3. Probable Di s t r ibu t ion  of  Pecu l i a r  Ve loc i t i e s  ( U )  of Martian Asteroids  
( u n i t  of (p i s  t h e  mean h e l i o c e n t r i c  d i s tance  of t h e  p l a n e t )  
Present  number of 
Mars crossings,  n 0 7 4 0 7 
- 0,247 o, 296 - 0.362 JE 
2J looLounits  - 7.94 3.42 0 0.630 
n 1 = nJEpm - 185e 0 44.0 0 11,4 
n 2 = nJE 0 10 73 ~ 1 8  0 2.54 
- pm7 10-lOunits 107 37.3 - 4,50 
( t > e r r e s t r i a l  flux) 
( t e r r e s t r i a l  space)  
Present  number of 
Mars crossings 7 4 4 3 34 0,426 
JX 0,375 0,388 00 398 0,408 I - 
0,385 0.214 0,112 0,038 g 23 lO-lOunits - I 
PmJ 10-’Oun i t s 20 43 1.17 0~52 0.13 - - 
6.4 1.8 0,8 0 , l  249.5 0,249 LO n = LO nJEpm 
( t e r r e s t r i a l  f l u x )  
b 
LO n = 10 nJE 2 2.62 1055 1.59 0,41 11.62 0,452 
( t e r r e s t r i a l  space)  
The expected average f o r  t e r r e s t r i a l  f l u x  of Martian a s t e r o i d s  o r  meteor i tes  
in te rcepted  by the e a r t h  is  U = 0.249, i n  good agreement wi th  Arnoldls Monte Carlo 
experiments, but  hopelessly d i f f e r i n g  from t h e  averages f o r  meteori tes ,  U = 0.5252 
(n  = 13) and f o r  photographic sporadic  meteors i n s ide  J u p i t e r ' s  orbin,  U = 0.589 
(Smithsonian, n = 891) o r  0.603 (Babadjanov, n = 23)(Ref, - lo>, I n  t e r r e s t r i a l  
space, the  expected average is  U =: 0,452, as compared t o  0,704 f o r  t h e  t e n  ob- 
j e c t s  of t h e  Apollo group - = t w o  values  which it is  v i r t u a l l y  impossible t o  br idge 
over by mechanical reasoning, Thus, from the  expected r a t e s  of  t r a n s f e r  (Table l), 
as w e l l  a s  from the  average encounter v e l o c i t i e s  n e i t h e r  t he  meteori tes ,  t h e  photo- 
graphic  meteorsinside J u p i t e r ' s  o r b i t ,  nor t h e  Apollo ob jec t s  can be derived from 
the  Martian a s t e r o i d s  i n  any apprec iab le  proport ion,  
be sought among the  short-per iod comets, captured by J u p i t e r  and whose o r b i t s  
have shrunk through a non-gravi ta t iona l  process  (dece le ra t ion  by evaporation j e t )  
so  t h a t  they no longer  c ros s  t h e  o r b i t  of J u p i t e r  and no longer  a r e  endangered 
by t h e  presence of t h e  g i a n t  p l ane t .  It i s  c l e a r  from t h e  preceding t h a t  ne i the r  
t he  observed f luxes  of  meteor i tes  nor t h e i r  average o r b i t a l  c h a r a c t e r i s t i c s  can 
be reconci led wi th  an  o r i g i n  from the  Martian o r  t h e  main-belt a s t e r o i d s ,  
Thei r  parent  populat ion must 
The v i r t u a l  imposs ib i l i t y  of  acce le ra t ing  the  members of t he  Martian aster- 
o i d a l  populat ion by Martian g r a v i t a t i o n a l  encounters t o  t h e  observed me teo r i t i c  
v e l o c i t i e s  has Led to a search of  loopholes i n  the  apgumentation, In  a l e c t u r e  
de l ivered  a t  NASA, Greenbelt, on March b5B 1968, Professor  Anders pointed out  t h a t  
i n  a l l  t h e  t h e o r e t i c a l  and empir ica l  models of  o r b i t a l  change, the  acce le ra t ing  
e f f e c t  of J u p i t e r  has not  been considered, and t h a t  t h i s  could l ead  t o  higher  
v e l o c i t i e s ,  Although t h i s  is t r u e  i n  a l imi t ed  way, t h e  loophole does not e x i s t  
and has been given proper  cons idera t ion  by Opik. 
induced t o  e a r t h  c rcss ings ,  a r e  a l s o  swinging over t o  J u p i t e r l s  o r b i t ,  they a r e  
so  r ap id ly  el iminated by J u p i t e r  ( c h i e f l y  e j ec t ed  from t h e  s o l a r  system) t h a t  
a t  any t i m e  no s i g n i f i c a n t  proport ion of them can s t a y  i n  t e r r e s t r i a l  space, 
A t  U = 004,  t h e  l i f e t i m e  of  ob jec t s  i n  J u p i t e r  crossings,  according t o  Equation 
(7)  and Table 2 of Ref. 3 >  i s  1.3 10  o r b i t a l  revolu t ions  o r  10  years ,  while 
f o r  those i n  pure ly  e a r t h  crossings it is 4 
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lo7 revolu t ions  o r  10 years;  hence 
-2 t h e r e  i s  a n  adverse f a c t o r  of 10 f o r  s u r v i v a l  of those i n  J u p i t e r  crossings,  
and t h e i r  number encountering t h e  e a r t h  w i l l  not be more than  one p e r  cent  of 
the number i f  they were not  c ross ing  J u p i t e r t s  o r b i t ,  I n  ca l cu la t ions  of popu- 
l a t i o n  exchange as governed by o r b i t a l  per turba t ions ,  t h i s  w r i t e r  t he re fo re  made 
the  s implifying assumption tha t  J u p i t e r  c ross ing  removes t h e  ob jec t  immediately, 
so that  the re  a r e  no ob jec t s  of t h i s  kind t o  be considered; thus,  0% is assumed 
ins t ead  of 1% f o r  t h e  f r a c t i o n  of Martian a s t e r o i d s  which a r e  i n  J u p i t e r  c ross -  
ings - and t h i s  out  of  a +,otal  of 0,02$ of these ob jec t s  expected i n  the 
meteori te  range (Table l), 
Moreover, ob jec t s  i n  Jup i t e r  crossings w i l l  no t  have much of a chance t o  
1 -
be acce lera ted  beyond the l i m i t  of e j e c t i o n  from t h e  s o l a r  system, U = 22 - 1 = 
0,4142, Calculat ions of acce le ra t ion  versus s u r v i v a l  from phys ica l  coLl i s i sns  
(Ref,  E__ 4, Table 7) can be extended t o  include t h e  p r o b a b i l i t y  of e j e c t i o n  from 
t h e  s o l a r  system; the  r e s u l t s  f o r  J u p i t e r  crossings a r e  given i n  Table 4 ,  
u 
f 
Table 4, Accelerat ion of Encounter Velocity (U, E s, 1 by J u p i t e r  
versus  El iminat ion by Coll-isions ( U  ( O , b 1 4 2 )  3rd. by E jec t ion  
( U > O O 4 l 4 2 ) ( f  = surv iv ing  f r a c t i o n  of t he  o r i g i n a l  pcpula t ion)  
0, LO 0,20 0,40 00 30 0,60 
1,000 0,980 0,849 00 059 1,4 10-5 
Obviously, even the  i n s i g n i f i c a n t  f r a c t i o n  of  t h e  Martian a s t e r o i d s  which 
a t  any time can s t a y  i n  J u p i t e r  crossings w i l l  not possess  the  high encounter 
v e l o c i t i e s  - the  very q u a l i t y  f o r  which they have been hypothesized, 
of such ob jec t s  from t h e  s t a t i s t i c s  of  small bodies i n  t e r r e s t r i a l  space Ts 
thus  amply j u s t i f i e d .  
Omission 
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5a Lunar Origin 
A s  pointed out  i n  t h e  preceding sec t ion ,  high-veloci ty  in t e rp l ane ta ry  pro- 
j e c t i l e s  ( c h i e f l y  comet nuc le i  and t h e  Apollo-meteorite group) which a r e  respon- 
s i b l e  f o r  t h e  ray c r a t e r s  on the  moon could cause t h e  e j e c t i o n  of  fragments from 
c r a t e r i n g  events  wi th  v e l o c i t i e s  i n  excess of 2 - 3  km/sec, t h e  moon's escape 
ve loc i ty .  Only a s m a l l  f r a c t i o n  of  t he  c r a t e r i n g  mass can be e j e c t e d  i n  such 
a manner. 
condi t ions of hard fragments (cohesive s t r e n g t h  of  g r a n i t e )  accelera , ted above 
the  escape ve loc i ty  over a. "runway" equal. t o  t he  depth of t h e  c r a t e r ,  a r r i v e d  
a t  an upper l i m i t  of one meteor i te  of Lunar o r i g i n  f o r  each 100 meteori tes  of 
100 em diameter o r  l a r g e r ,  i . e .  l$ of t h e  t o t a l ;  a f u r t h e r  rev is ion ,  showing 
t h a t  only high-veloci ty  comet nuc le i  having s u f f i c i e n t  ve loc i ty  could p a r t i c i p a t e ,  
pu t  t h e  f i g u r e  down t o  0.2% as a t h e o r e t i c a l  p red ic t ion .  
A previous es t imate  by the  w r i t e r  (Ref, 9__ 7 ) ,  based on the  s u r v i v a l  
This f igu re  has a l s o  been sub jec t  t o  observationa,l t e s t  (Ref. __D 4 ) .  ' Escaping 
lunar  e j e c t a  w i l l  e n t e r  t e r r e s t r i a l  i n t e rp l ane ta ry  space wi th  a low s t a r t i n g  
ve loc i ty  U p u O . l O ( 3  km/sec) o r  less, 
acce le ra t ion  competes wi th  c o l l i s i o n a l  e l iminat ion,  so  t h a t  a t  U = 0,20 about 
30% survive,  a t  U = 0,25-403$9 a t  U = 0,30+0nly  O.l%, e t c ,  An average of 
U = O , l 7  o r  5.1 km/sec is  obtained f o r  meteori tes  of l una r  o r i g i n  en te r ing  the  
e a r t h P s  atmosphere; an  i d e n t i c a l  f i g u r e  has been found from Monte Carlo experi-  
ments (Ref, __. 9) .  
( t h i s  i s  the  Jacobian v e l o c i t y  as taken outs ide  the  g r a v i t a t i o n a l  f i e l d  of t he  
ea r th ;  a t  en t e r ing  t h e  sphere of a c t t o n  of t he  ea r th ,  o r  even before ,  t h e  ve loc i ty  
fs of course increased by t h e  t e r r e s t r i a l  g r a v i t a t i o n a l  f i e l d ) .  
of t h e  891 Smithsonian Super-Schmidt v e l o c i t i e s  (ob jec t s  w i th  aphel ia  < 4 . 1  a, u. ) 
(Ref. 16) could be represented a s  t h e  superpos i t ion  of two Maxwellian d i s t r i b u t i o n s ,  
of 40 "lunar" ob jec t s  wi th  an average U- value of Oo170(591 km/sec), and 847 
ob jec t s  of an  average ve loc i ty  U 
appear t o  represent  thus  h05$  of  t he  meteors of  t he  inner  s o l a r  system (aphel ion 
,< 4.1 a.u. ) o r  1.6% of a l l  observed Super-Schmidt meteors (n  = 2529); allowing 
f o r  l e s s e r  luminous e f f i c i ency  a t  lower ve loc i ty ,  it i s  found t h a t  among meteors 
I n  successive encounters wi th  t h e  ea r th ,  
This  i s  very much lower than t h e  average f o r  meteors and meteori tes  
The frequency 
r
17.5 km/sec. The presumably lunar  ob jec t s  
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of t h e  order  of 1 gram or 1 ern diameter the  f r a c t i o n  of  l una r  e j e c t a  re turn ing  
t o  e a r t h  from in t e rp l ane ta ry  space i s  about 3 0 2 ~ .  
t i o n  (lg , f o r  l una r  e j e c t a  p -3.9 (Ref, p_ 8), so t h a t  i n  t h e  100 cm range the  
r a t i o  of lunar  meteor i tes  t o  a11  would decrease loooo2 = 2 0 3  t imes,  l ead ing  t o  
about 1% of luna r  e j e c t a  among the  meteori tes  proper.  This f i g u r e  i s  5 times 
higher  but  not very much i n  cont rad ic t ion  wi th  the  a 1 p r i o r i  es t imate .  
es t imates  po in t  t o  a small ,  almost neg l ig ib l e  f r a c t i o n  of lunar  e j e c t a  among 
For meteor i tes  p r~ 3.7 LEqua- 
Both 
meteori tes  L) 
6. Meteori tes  from eo l l apse  of a - c 
This mode of o r ig in ,  proposed by W. H. Ramsey (Ref. - 17)9 v i sua l i zes  a p l ane t  
co l laps ing  inwards through phase t r a n s i t i o n s  of s i l i c a t e s  which become unstable  
under high pressure .  
molten s i l i c a t e s  compressed i n t o  a m e t a l l i c  s t a t e ,  and not  of molten n i c k e l  i ron .  
This propos i t ion  has been c r i t i c a l l y  analysed by Opik ( R e f .  - 18), 
were no i r o n  core i n  the  ea r th ,  t he  co l lapse  of s i l i c a t e s  i n  phase t r a n s i t i o n s  
would r e l ease  t o o  l i t t l e  energy, t o  e j e c t  fragments from t h e  e a r t h ' s  sur face  (by 
a seismic shock) i n t o  space. 
l e t  the  fragments out  .p--. but  a small  p l ane t  would never co l lapse ,  i t s  i n t e r n a l  
pressure  being i n s u f f i c i e n t  i n  t h t s  respect, ,  And it i s  now p r a c t i c a l l y  c e r t a i n  
t h a t  t he  e a r t h ' s  core i s  molten m e t a l l i c  i r o n ,  not pressure-modified s i l i c a ~ t e s ,  
A s  a source of meteor i tes ,  t h e  idea must be r e j ec t ed  a l toge the r ,  
I n  such a case t h e  e a r t h D s  core is thought t o  cons i s t  of 
I 1  
Even i f  the re  
A smaller  p l ane t ,  wi th  smaller  g r a v i t a t i o n ,  could 
7. Cometary Origin 
While t h e  a s t e r o i d a l  and lunar  sources a r e  inadequate t o  account f o r  t he  
number and o r b i t a l  c h a r a c t e r i s t i c s  of meteor i tes  (as w e l l  a s  the  b r i g h t  meteors 
of t h e  photographic range),  t h e i r  o r b i t s  a r e  s i m i l a r  t o  those  of t h e  pe r iod ic  
comets, and t o  the  ob jec t s  of t h e  Apollo grouF h ich  i n  a l l  appearance a r e  ex- 
t i n c t  comet nuc le i  confined t o  t h e  inner  s o l a r  system ins ide  J u p i t e r ' s  o r b i t  
- 18 - 
(Refs. 3, 4, 10 
e = e c c e n t r i c i t y ) .  




graphic  meteors 
Meteori tes  and 
f i r e b a l l s  
Apollo group 
Mars a s t e r o i d s  
Asteroids  of  b e l t  
The h a s t  
O r b i t a l  Cha rac t e r i s t i c s  of  t he  Small Bodies i n  Direc t  Motion and 
with Aphelia l e s s  than 4.201 Astron, Units 
Number u avo  ( s i n i )  a.v 
891 0.589 0,217 0,540 0,402 0.377 
13 0.525 0,166 0,592 0,281 0.391 
10 0.704 0.213 0,627 0.340 0.357 
1622 0.208 0,149 0,144 1,035 OQ 437 
34 0.426 0.279 0.376 0.742 0.408 
column of t h e  t a b l e  contains  the  t h e o r e t i c a l  " e q u i p a r t i t i o n  r a t i o "  
of i n c l i n a t i o n  t o  e c c e n t r i c i t y ,  corresponding t o  random o r  i s o t r o p i c  d i s t r i b u t i o n  
of t he  d i r e c t i o n  of t he  U - vector ,  such as would e s t a q l i s h  i t s e l f  a f t e r  a " f u l l  
g r a v i t a t i o n a l  encounter" o r  an  average angular  de f l ec t ion  of 90'. 
oids the  observed r a t i o  g r e a t l y  exceeds the  e q u i p a r t i t i o n  value, i nd ica t ing  t o o  
small  an e c c e n t r i c i t y  f o r  given inc l ina t ion ;  these  ob jec t s  could not have been 
s i g n i f i c a n t l y  inf luenced by g r a v i t a t i o n a l  encounters with Mars. 
groups e q u i p a r t i t i o n  is  more near ly  f u l f i l l e d ;  i f  of cometary o r ig in ,  t h i s  must be 
due t o  encounters wi th  J u p i t e r  which o r i g i n a l l y  captured t h e  parent  comets i n t o  
the  inner  space of  t h e  s o l a r  system, 
For the  a s t e r -  
For the  me teo r i t i c  
The main source of t he  meteor i tes  must  be sought i n  pe r iod ic  comets, not  
only because of  t he  mutual s i m i l a r i t y  of t h e i r  o r b i t a l  elements, but a l s o  be- 
cause i n  repeated short-per iod revolu t ions  t h e i r  cont r ibu t ion  t o  t h e  debr i s  of 
t he  inner  s o l a r  system may considerably exceed t h a t  from t h e  non-periodic, near ly  
parabol ic  members of the  cometary cloud surrounding t h e  s o l a r  system. 
c a l l e d  a s t e r o i d s  of t he  Apollo group can be i d e n t i f i e d  a s  nuc le i  of e x t i n c t  
The so- 
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per iod ic  comets, t rapped i n  t h e  inner  s o l a r  system f o r  some 100 mi l l i on  years ,  
t h e i r  dynamical e l imina t ion  l i f e t i m e  from c o l l i s i o n s  with,  and c lose  approach 
per turba t ions  by ea r th ,  Venus, Mars, and Mercury; t h e  l i f e t i m e  of t h e i r  ex is tence  
as l l l i ve r r  comets, emi t t ing  gases  t o  form the  envelopes and t a i l s ,  is determined 
by s o l a r  r ad ia t ion ,  t he  r a t e  of  evaporation, and t h e  dimensions of t h e  nuc le i  
and is  i n  most cases  l e s s  than 10 years.  I n  the  absence of erosion,  t h e  dyna- 
mica1 l i f e t i m e  i s  more than  10 times longer,  so t h a t  t h e  space in s ide  J u p i t e r ' s  
o r b i t  must be f i l l e d  wi th  t h e  remnants of 10  -lo5 e x t i n c t  comets, f o r  each 
l i v e  one. Most of t h e  e x t i n c t  comets must have d in in tegra ted  completely, shed- 
ding o f f  dust  simultaneously wi th  t h e  vapourss and sending out  t h e i r  me teo r i t i c  
inc lus ions  when r e l i eved  from t h e i r  i cy  conglomerate enclosure (Whipplegs mix- 
t u r e ) .  Some among t h e  hundreds of thousands of p a s t  comets may have been excep- 
t i o n a l l y  la rge ,  l eav ing  behind l a rge  e x t i n c t  nuc le i  i n  t h e  kilometre s i z e  range, 
which now a r e  i d e n t i f i e d  a s  t h e  Apollo group "as te ro ids"  - j u s t  a name without 
pre judice  t o  t h e i r  s t r u c t u r e  o r  o r i g i n ,  Table 6 l i s t s  a l l  t he  known ob jec t s  of 
t h i s  group, defined pr imar i ly  by the  condi t ion t h a t  t h e i r  aphe l i a  a r e  in s ide  
J u p i t e r ' s  o r b i t  while c ross ing  t h e  o r b i t  of t he  e a r t h ,  Average o r  t y p i c a l  e l e -  
ments f o r  t h e  two o the r  r e l a t e d  groups of observed ob jec t s  - t h e  meteori tes ,  
and the  Super-Schmidt sporadic  meteors with aphel ia  l e s s  than 4.10 a.u.  (Ref, 16)  - 
a r e  included. Regarding meteori tes  it must be noted t h a t ,  because of t h e i r  ab la -  
t i o n  and des t ruc t ion  i n  the  atmosphere, ob jec t s  of low ve loc i ty  a r e  s t rong ly  
favoured by se l ec t ion ;  t o  f i r e b a l l s  t h i s  s e l e c t i o n  e f f e c t  does not  apply,  how- 
eve rg  and t h e  l o w  r e l a t i v e  v e l o c i t i e s  of t h i s  group cannot be explained i n  such 
a manner a lone,  The group undoubtedly dep ic t s  a r e a l ,  phys i ca l ly  d i s t i n c t  
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Table 6. Members of  t he  Apollo Group 
L'fet ime 
k m  as t ron .  un. as t ron .  un. deg e a r t h  10 years  ci 
Object Diameter Aphe li on Per ihe l ion  I n c l i n a t i o n  U 




meteors e n *  2.62 0.140 
12 1.000 265 
24 1,160 245 
ApolLo 1.0 2,34 0.65 6 
Adonis 1.3  3.51 0.44 1.5 
He rme s 0.4 1. go 0.68 5 
Ecarus 1.4 1.98 0,1g 23 
1950 DA 1.3 2- 46 0.84 12 
Geographos 2.8 1.65 0.83 13 
1948 OA 4,8 1.98 0.77 10 
1948 EA 6.3 3.63 0,89 18 
Average 0 . 0  2.62 0.58 12,5 
Averages f o r  Re1a.ted Groups 
Meteori tes  and 
f i r e b a l l s  (n=13) 3-07 0.79 9.5 
Spora d i  c met e ors  























*Harmonic mean of  t h e  l i f e t ime .  
- 21  - 
Only one l i v e  comet-Comet Encke-occurs i n  the  l i s t  of Table 6, Having 
been captured by J u p i t e r  from t h e  "parabolic" background populat ion perhaps a 
few thousand years  ago and d iver ted  i n t o  a short-per iod o r b i t ,  i t s  aphel ion d i s -  
tance must have decreased through a non-gravi ta t iona l  process  t o  i t s  p resen t  value 
of 4.1 a.u.  
t i o n  products i n  a forward d i r ec t ion ,  poss ib ly  conditioned by t h e  d i r e c t i o n  of 
The process  can be i d e n t i f i e d  as p r e f e r e n t i a l  emission of t he  evapora- 
r o t a t i o n  of t h e  comet nucleus being opposi te  t o  t h a t  of o r b i t a l  revolut ion.  The 
delayed e f f e c t  of s o l a r  hea t ing  ( h o t t e s t  a t  " 2  pom0'' i n s t ead  of  noon) then d i s -  
p l aces  the  j e t  of  vapours asymmetrically i n  a forward d i r ec t ion ,  Loss of  o rb i -  
ta.1 momentum, shortening of t h e  o r b i t a l  dimensions ( c h i e f l y  of t h e  aphel ion as 
f o r  a r t i f i c i a l  s a t e l l i t e s )  and of  t he  o r b i t a l  per iod  a r e  a consequence; obser- 
va t ions  of t h i s  comet seem indeed t o  po in t  t o  such a secu la r  acce le ra t ion .  The 
process of evaporation and l o s s  of t h e  v o l a t i l e s  of t h e  nucleus, running i n t o  
thousands of  years ,  i s  s h o r t  a s  compared t o  t h e  dynamical l i f e t i m e  i n  J u p i t e r  
6 crossings (10 
t a t i o n  and a s u f f i c i e n t  s t o r e  of v o l a t i l e s  t o  keep t h e  " r e t r o  rocket" going 
w i l l  e a s i l y  escape from J u p i t e r ' s  immediate sphere of  in f luence  and i t s  o r b i t  
shr ink  i n t o  the  s a f e t y  of t he  inner  s o l a r  system (Refs, 19, 3 ) 0  
yea r s ) ,  so  t h a t  a comet which has t h e  required d i r e c t i o n  of ro- 
P
Another "object": ,  t h e  Geminid meteor shower, i s  undoubtedly a recent  product 
of decay of  former " l i v e "  comet (Ref, 19) though no parent  comet o r  a nucleus i s  
known t o  e x i s t  on t h e  o r b i t  of  t he  shower, 
i d e n t i t y  a s  a "stream" t h e i r  accumulated angular  de f l ec t ions  i n  c lose  encounters 
wi th  the  p l ane t s  not exceeding + OO.2 (Ref, 20); from t h e  t a b l e s  (Ref, 3 ) j  a f u l l  
Y ___. 
The meteors have preserved t h e i r  
- __D p_ 
angular  de f l ec t ion  of + 90' requi res  an  accumulation per iod  of 9.9 X 10 9 years ,  
and thus  one of 0,2O requ i r e s  (90/0,2) 2 = 2 x 10 5 times less o r  5 x 10 4 
- 
years*, 
0 "The devia t ion  of +O .2 is  t h a t  of t h e  r ad ian t  po in t s  on the  same night ;  much of  
t h i s  could be cauged by asymmetric drag i n  t h e  atmosphere, 
l i m i t  measure of accumulated p lane tary  per turba t ions  i n  c lose  encounters,  
stream i s  s t r e t c h i n g  over 6 days which would imply angular  de f l ec t ions  of t- 3 ; 
these ,  however, cannot be i d e n t i f i e d  wi th  planetadry pe r tu rba t ions  which wo<ld 
have produced similar devia t ions  f o r  one n ight ;  t h e  condi t ions of separa t ion  
from the  nucleus- j e t  acce le ra t ion  and even r a d i a t i o n  p r e s s u r e e m u s t  i n  t h i s  
case be t h e  cause, 
Hence t h i s  i s  an upper 
Thg 
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An age of l e s s  than f i f t y  thousant  years  can thus  be assigned t o  t h f s  stream a s  
$he time elapsed s ince  t h e  d i s i n t e g r a t i o n  of i ts  parent  comet, 
times s h o r t e r  than i ts  expected l e a s e  o f  l i f e  i n  p lane tary  encounters (2.43 X LO 
years )  and implies t h a t  t he  dispersed remains of thousands of s imi l a r ,  more 
anc ien t  showers may c i r c l e  t he  sun before  they a r e  swept away by t h e  p l ane t s  o r  
moved inwards by the  Poynting-Robertson e f f e c t  ( important,  of  course9 only f o r  
t he  f i n e s t  dust  p a r t i c l e s )  
This  i s  5,000 
8 
A more powerful agent  of removal of small  meteors i s  seen i n  t h e i r  s p u t t e r -  
ing o r  e ros ion  by t h e  micrometeorite contents  of i n t e rp l ane ta ry  space, This 
amounts t o  a s ecu la r  decrease i n  the  diameters o r  i nd iv idua l  masses of the  par -  
t i c l e s .  
meteori tes  (Ref, 10)  and based on c r a t e r i n g  theory a r r i v e d  a t  a, somewhat exag- 
It must be noted t h a t  a former es t imate  of  t he  r a t e  of e ros ion  of s tony 
-
gera ted  value,  by assuming the  cohesive s t r e n g t h  s = 5 LO 7 dyne/cm2 equal  t o  
t h a t  of l a rge  s tones  breaking up from aerodynamic pressure  i n  the  atmosphere, 
These la rge  s tones  a r e  r e l a t i v e l y  weak s t r u c t u r e s ,  apparent ly  sha t t e red  i n  a 
primeval explosion o r  c o l l i s i o n ,  Micrometeorites, however, when impinging on a 
s tone,  a r e  producing microscopic c r a t e r l e t s  i n  the  c r y s t a l l i n e  g ra ins  of t h e  
mineral  which have a much g r e a t e r  cohesive s t r e n g t h  than t h e  macroscopic s t r u c t u r e  
of t he  s tone,  
s ion  (Ref. - 8), and f o r  t he  minicra te rs  of t he  order  of Oo02 ern produced by micro- 
meteori tes  it should be 6 times t h e  value of 9 x 10  
20 em; s = 5 lo9 o r  100 times the  formerly assumed value should be used i n  
t h i s  case. Erosion va r i e s  a s  t h e  inverse  square root  of s (Refs., 6,7) and a 
f a c t o r  of one-tenth is  thus  introduced on t h i s  account, 
r e f e r r i n g  t o  a ve loc i ty  of 20 km/sec (Ref, LO, p. 330)9 should be decreased LO 
times but ,  f o r  t h e  Geminids (b = 35 km/sec) increased by the  square of ve loc i ty  
(momentum f l u x )  and a " r a d i a l  momentum" f a c t o r  K, q0 4/3.3; t h f s  leads  t o  an e ro-  
s ion  r a t e  about 2 0 3  t imes l e s s  than i n  R e f ,  10, o r  t o  3 - 2  x 10 ?$ l72O/2.5 = 
2 0 2  x 
s t r e n g t h  a t  microscopic dimensions is  taken i n t o  account ( t h e o r e t i c a l l y  derived, 
experimentally confirmed), a t  t h e  ve loc i ty  of  t h e  Geminids an in t e rp l ane ta ry  
The s t r eng th  v a r i e s  a s  t he  inverse $th power of t h e  l i n e a r  dimen- 
8 v a l i d  f o r  t e s t  blocks of 
__. 
The former est imate ,  
-
-8 
gr/year  per em2 of t h e  exposed sur face ,  Thus, when t h e  g r e a t e r  
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erosion r a t e  r e s u l t s  80 times g r e a t e r  than  t h e  value of 2,7 
as estimated f o r  l una r  exposed rocks ( R e f ,  - 8). 
the  Geminids l ead  t o  another  es t imate  o f  t h e i r  l ength  of unprotected sojourn i n  
in t e rp l ane ta ry  space. The Geminids, though bel ieved t o  be denser than  the  aver-  
age shower meteors, a r e  s t i l l  s tony "dus tba l l s"  i n  t h e  opinion of t h i s  w r i t e r ,  
as can be judged from t h e i r  he ights  of appearance and disappearance and t h e i r  
spec t r a  ( c f .  - _ _ o  Ref, 20) ,  wi th  a bulk dens i ty  of t he  meteoroid about O , 7 .  
5 t h  absolu te  magnitude and a ve loc i ty  o f  35 km/sec, t he  mass of a Geminid is  
about 0.007 g r  (Ref, - 21)9  which corresponds t o  a bulk volume of 0.01 em3 and a ' 
diameter of t h e  d u s t b a l l  of about O,27 em. Thei r  numbers increase  more o r  l e s s  
monotonously by a f a c t o r  s l i g h t l y  g r e a t e r  than  2 0 5  p e r  magnitude (Ref. - 20) which 
would correspond t o  p = 3.4 i n  Equation (l), but a t  t he  5 t h  magnitude t h e  r a t e  
f a l l s  o f f ;  t h i s  can be a t t r i b u t e d  t o  e ros ion  having c a r r i e d  o f f  about 13% of t h e  
gram pe r  year  
With t h i s ,  observa t iona l  da ta  on 
A t  t h e  
2 present  diameter a t  the  5 t h  magnitude, a l a y e r  of 0.018 em o r  0.013 gr/cm 
round. With t h e  above mentioned in t e rp l ane ta ry  r a t e  of erosion,  t h e  age of ex- 
posure of t hese  meteors becomes 
a l l  
0.013/2~$)( 10 -5 = 600 years only! 
This completely overr ides  the  es t imate  based on per turba t ions .  The Geminids 
must have been exposed q u i t e  recent ly ,  poss ib ly  they a r e  cu r ren t ly  re leased  from 
a f a i n t  undiscovered comet nucleus,  The conclusion seems thus  t o  be warranted 
t h a t  t he  Geminids a r e  t h e  remnants of a recent  pe r iod ic  comet which became ex- 
x i n e t  not more than a few thousand years  ago, They " represent  t h e  l a s t  surv ivors  
of  a stream o r ig ina ted  by a now evaporated comet, a stream whose o lder ,  l i g h t e r  
meteors have been swept away" (Refs, - 23, 19). 
The Geminids y i e l d  hourly r a t e s  of  about 50,  r e f e r r i n g  i n  v i s u a l  observat ions 
2 t o  an a rea  of  about 3000 km i n  t h e  atmosphere, With 0.02 g r  p e r  meteor, t h i s  
g ives  a f l u x  of M) X 10-17gr/cm . see ,  2 7 The diameter of t h e  stream, I-.>)( 10 km, 
gives  a c ross  s e c t i o n  of 2 x 1024cm2 o r  a f l u x  rate 2 X 10 7 gram/sec. The per iod,  
7 1,6 years  o r  5 )( 10 
ing - now on t h e  Geminid o r b i t ,  2 X  10 x 5 >( lo7 = lo1' gram, wi th  a l i f e t i m e  of 
seconds, then  leads  t o  a minimum mass of t he  deb r i s  c i r c u l a t -  
7 
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only about 5000 years  
a t  l e a s t  1-2 km i n  diameter can be suspected. 
( t o t a l  e ros ion  l i f e t i m e ) .  The ex is tence  of a nucleus of  
8 ,  Tota l  Amount of Debris 
-c. 
For each l i v e  comet i n  t e r r e s t r i a l  space, of an  evaporation l i f e t i m e  t e 
and removal l i f e t i m e  t of  t he  debris,  t he re  must have been re leased  debris of 
0 
No = to/te (9 )  
8 p a s t  e x t i n c t  comets. For l a rge  bodies t i s  the  dynamical l i f e t i m e , w l O  years ,  
and the  r a t i o  i s  then  of t h e  order  of 10’- lo? Some l a rge  r e s i d u a l  nuc le i  of 
e x t i n c t  g i a n t  comets may s t i l l  be o r b i t i n g  a s  t he  “ a s t e r o i d a l ”  members of t he  
Apollo group (Table 6).  
must  be the  remnants of t r u l y  except ional  ob jec ts ;  many smaller  undiscovered 
s i m i l a r  pseudo-asteroids,  down t o  meteori te  s i z e ,  must be o r b i t i n g  i n  our s u r -  
rounding space. 
0 
Surviving from a t o t a l  of  some lo5 e x t i n c t  comets, th-e 
I n  general ,  t i s  t h e  s h o r t e r  of t he  t h r e e  measures of l i f e t ime?  t h e  
0 
dynamical, t h e  erosion o r  spu t t e r ing ,  and t h e  Poynting-Robertson o r  drag l i f e -  
time 
For t y p i c a l  meteor i tes  i n  the  100 cm range, t h e  e ros ion  l i f e t i m e  is  t h e  
s h o r t e s t .  
of me teo r i t i c  s tone  by micrometeorites of t h e  zodiacal  cloud i s  3 . 2 p  10 
2 -6 1720/10 = gr/cm year  o r  1 .6  >I( 10 cm/year; a r ad ius  of 50 em w i l l  
be eroded i n  t years;  t h i s  is  3 - 8  t imes s h o r t e r  than  the  dynamical 
li f e t ime 
A t  an  average h e l i o c e n t r i c  ve loc i ty  of 20 km/sec, t h e  e ros ion  r a t e  
X 
-8 
7 = 3 x 10 
0 
The evaporation l i f e t i m e  of a comet can be est imated from t h e  evaporation 
l o s s  (Ref. _I 11) which can be expressed a s  a decrease i n  diameter p e r  o r b i t a l  
revolut ion,  
A X  (cm> 
-0.5 
= 3809 
where q i s  the  pe r ihe l ion  d is tance  i n  as t ronomical  un i t s .  The l i f e t i m e  i s  then 
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t = (x,/& a's5 (yea r s )  e 
where X 
u n i t s  (or a lo5  the  per iod of o r b i t a l  revolu t ion  i n  years ) ,  
i s  t h e  o r i g i n a l  diameter i n  em and - a the  semi-major axis i n  as t ronomical  
0 
Comet Encke, a t  present  wi th  X = 1.7 km, a f t e r  o r i g i n a l  capture  by J u p i t e r ,  
could have been placed i n t o  i t s  present  o r b i t  i n s i d e  J u p i t e r ' s  o r b i t  and a t  an 
aphel ion of 4 . 1  a ,u .  through t h e  r e t r o  j e t  of i t s  vapours by lo s ing  7/8 of i t s  
o r i g i n a l  mass (Ref. 3); hence X = 3.4 km, q = 0.338, and te = 1720 years  (520 
a p p a r i t i o n s ) ,  
implies t h a t  before i t s  a r r i v a l  t he re  may have been another  s i m i l a r  one, a l s o  
that the re  may be f a i n t e r  ob jec t s  not  ye t  discovered, s o  t h a t  t h e  i n j e c t i o n  r a t e  
of t h i s  type of  ob jec t  
t = 2000 years;  hence N = l 5 , O O O  would represent  t h e  probable number of parent  
comets whose non-eroded me teo r i t i c  inc lus ions  (-100 em diameter) a r e  s t i l l  
present  i n  our  surroundings. 
0 -
Although t h i s  comet i s  t h e  only one of i t s  kind, t h e  Geminid shower 
i n t o  t h e  inner  s o l a r  system may amount t o  one for each 
e 0 
I n  add i t ion ,  t h e r e  a r e  52 l i s t e d  sho r t  per iod  comets of  J u p i t e r ' s  family 
(32 repeatedly observed and 20 observed only once)(Ref.  24) ,  wi th  aphel ia  l e s s  
6 than  6.0 a.u.  ( cross ing  t h e  o r b i t  of Jup i t eawhose  dynamical l i f e t ime ,  t0H 10 
years ,  i s  the  s h o r t e s t  of t h e  two o the r  l i f e t i m e s .  
and an o r b i t a l  per iod  of about 6 years ,  t 
comet o r  170 
Eneke's and t h e  Geminids , t h i s  po in t s  t o  x N o  = 40,000 parent  comets whose 
me teo r i t i c  blocks a r e  a t  p resent  t r a v e l l i n g  in s ide  o r  near  J u p i t e r ' s  o r b i t .  
-
With i d  1 . 4  a .u .  , X o N  2.0 km, 
6 
= 6000 years ,  N = 10 /6000 = 170 p e r  e 0 
52 = 8800 comets cont r ibu t ing  to t h e  meteori te  population. With 
-24 The space dens i ty  of  t h i s  me teo r i t i c  mater ia l ,  about LO i n  t he  e a r t h ! s  
neighbourhood, or  3)( gr/cm 3 a s  an average in s ide  J u p i t e r ' s  o r b i t  (with 
-1 a dens i ty  d i s t r i b u t i o n  of t h e  r type ) ,  corresponds t o  a t o t a l  mass of 
3 >( ( 4  3 / 3 )  (8 3 1 0 ' ~ ) ~  = 6 gram, 
1.5 X 10 13 gram pe r  parent  comet which amounts t o  1.5% of the  r e s i d u a l  mass of 
the  Geminids o r  t o  0.3% of t h e  present  mass of Encke's comet, 
t h e r e  does not seem t o  be any d i f f i c u l t y  i n  supplying the  p re sen t ly  observed 
Quant i ta t ive ly ,  
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meteor i t i c  ma te r i a l  from decaying comets. 
On the  contrary,  t h e r e  i s  a l a rge  surp lus ,  most of which goes i n t o  evapora- 
t i o n  lo s ses  and dust ,  t h e  l a t t e r  accounting perhaps f o r  70% of t h e  loss .  
i n j e c t i o n  r a t e  i s  thus: one type Encke comet, furn ish ing  2 x 1 0  
1000 years ,  and 52 J u p i t e r  family comets, y i e ld ing  each about 2 )( 1015 g r  dust  
p e r  6000 years .  
and amounts t o  a t o t a l  of 5 m 7  # 
by way of t h e  Foynting-Robertson e f f e c t  a t  a r a t e  of about 
This may be s h o r t  by one order  of magnitude of t he  usua l ly  es t imated r a t e  
(Ref. - 19) but,  then, t h e r e  a r e  the  long-period and pa rabo l i c  comets and o the r  
poss ib l e  sources  of t h e  dust  which have not been taken i n t o  account, The masses 
of  t h e  comets of J u p i t e r ' s  family may be underestimated, and increas ing  t h e i r  
average diameter t o  4 km would y i e l d  t h e  required amount o f  mater ia l .  I n  any 
case it is  c l e a r  t h a t  t he  decay of pe r iod ic  comets can y i e l d  a major f r a c t i o n ,  
i f  no t  all t h e  supply of zodiacal  dust ,  and t h a t  a s  a p o t e n t i a l  source of 
meteori tes  they may represent  an adequate source,  
The 
g r  dust  p e r  
16 
The y i e l d  from t h e  two c l a s s e s  is of  t h e  same order  of  magnitude 
gram p e r  year,  thus  d r i f t i n g  i n t o  the  sun 
tons  p e r  second. 
One of  t h e  stumbling blocks i n  consider ing a cometary o r i g i n  of meteor i tes  
was t h e i r  absence from known showers. Showers such a s  t h e  Perse ids ,  r i c h  i n  
"ordinary" v i s u a l  meteors some of  which a r e  q u i t e  b r igh t ,  exh ib i t  a notor ious 
absence of  f i r e b a l l s  and meteor i tes ,  There is ,  however, a n a t u r a l  explanat ion 
of t h i s  f a c t ,  According t o  WhippLePs r e a l i s t i c  model of t he  comet nucleus (Ref, __.
2 5 ) ,  t h e  s o l i d  contents  re leased  through evaporation of t h e  i c e s  a r e  blown away 
by t h e  vapour j e t .  Gravi ta t ion  competes wi th  the  j e t  p ressure ,  and the re  i s  an 
upper l i m i t  of p a r t i c l e  s i z e  above which g r a v i t a t i o n  of t h e  nucleus p r e v a i l s  and 
the  p a r t i c l e  cannot be separated.  
@/em3 f o r  t h e  nucleus (Ref. - ll), t h e  l i m i t i n g  diameter 2a f o r  separa t ion  is  
given by (Ref, - 10) 
A t  a dens i ty  of 3.4 f o r  t he  p a r t i c l e  and 2*0 
(12) 
where r i s  t h e  h e l i o c e n t r i c  d i s tance  i n  as t ronomical  u n i t s  and X t h e  diameter 
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of t h e  nucleus i n  km. 
l e 5  em which j u s t  borders on f i r e b a l l  s i z e  (absolu te  magnitude -5 ,  I Ref. 21) but  
is far below me teo r i t i c  dimensions (s tony meteor i tes  would not survive anyway 
at t h e  high ve loc i ty  of t h e  Perse ids ,  almost 60 km/sec). 
Eneke's comet, r > 0.34 a.u.  X = 1.7km, 2% < 89cm which corresponds t o  s i z a b l e  
meteori tes ;  and, indeed, t h i s  very comet has apparent ly  contr ibuted t o  some mete- 
o r i t e  fa l ls ,  according t o  Astapovitch, Suess, and Whipple ( c f .  - -  Ref. lo). 
shr inking  comet nucleus may gradual ly  r e l e a s e  i t s  me teo r i t i c  chunks, a s  soon as 
i t s  acce le ra t ion  of g r a v i t y  becomes s m a l l  enough. 
Thus, f o r  t he  Perse ids ,  r > 0.96 a. u. , X = 13 km, 2a< 
On t h e  o the r  hand, f o r  
A 
9. Gas Retention Ages 
--c u_ 
An apparent ob jec t ion  t o  the  cometary o r i g i n  of meteori tes  and support  f o r  
t h e i r  a s t e r o i d a l  o r i g i n  could be sought i n  the  c l u s t e r i n g  of  the  He - U ages of 
hypersthene chondri tes ,  a numerously represented c l a s s  of me teo r i t i c  s tones ,  
around a value of 500 mil l ion  years (Re@ - 26J 27, 28 )*  Thei r  lead  i so top ic  ages 
a r e  normal (4.5 X 10 
p a r t l y  sho r t .  The f a v o r i t e  i n t e r p r e t a t i o n  i s  t h a t  some 500 mil l ion  years  ago an 
a s t e r o i d a l  c o l l i s i o n  has caused shock heat ing of t h e  me teo r i t i c  debr i s  which l e d  
t o  outgassing of helium, and occasional  outgassing of argon. 
requi res  f o r  t h i s  perhaps a temperature i n  excezs of 1000 C,  and even a time 
span of 10  
9 years ) ,  while t h e i r  argon-potassium ages a r e  p a r t l y  normal, 
Diffusion theory 
0 
6 0 years  would r equ i r e  4-800 C (Anders, ve rba l  communication), 
There i s  a phys ica l - log ica l  f l a w  i n  t h i s  theory of shock heat ing.  It i s  
q u i t e  t r u e  t h a t  hyperveloci ty  shock may cause in tense  heat ing and t h a t  t he  
shock w i l l  a l s o  cause $ragmentation i n t o  an e n t i r e  spectrum of p a r t i c l e  s i zes .  
However, considerable  shock hea t ing  by asymmetrically appl ied  pressure  i s  in-  
ev i t ab ly  accompanied by complete des t ruc t ion-pulver iza t ion ,  even melt ing and 
vaporizat ion,  of t h e  mater ia l ,  while e j ec t ed  s i z a b l e  surv iv ing  fragments can 
be heated only negl ig ib ly ,  by t h e  very na ture  of t he  e l a s t i c  p rope r t i e s  of a 
s o l i d .  A s tone under crushing (one-sided) s t r e s s  such as required f o r  e j e c t i o n  
cannot be compressed by more than 10% of i t s  l i n e a r  dimension without breaking; 
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when $ is the  crushing s t r eng th ,  p t h e  densi ty ,  t h e  work of non-destructive 
one-sided compression i s  l e s s  than  $ 3  a 0, l/p erg/gram or, wi th  a high value 
equivalent  t o  hea t ing  by 1.6 
t i c  energy and not  as hea t .  
of s = 9 X lo8 dynelcm 2 , p = 3.4, it amounts t o  l e s s  than 1.3 x 1 0  7 erg/gram, 
deg C only; even t h i s  is c h i e f l y  s to red  as e l a s -  
From c r a t e r i n g  theory,  and i n  no ta t ions  of Equations (2 )  and ( 3 ) ?  i n  t he  
crushed volume of t h e  c r a t e r  t h e  shock hea t ing  leads  t o  a r e l e a s e  of f r i c t i o n  
hea t ,  [for nota,t ions,  - c f . Equation ( 3 8  
e r g  p e r  gram (Refs,  6, 7). 
as funct ion of fragment diameter 2a (em) can be represented a s  
For hard rock ( type  of  qua r t z ) ,  t he  crushing s t r e n g t h  -
9 - 0 ~ 2 5  
s = 2.5)(,10 (2%) 
2 dyne/cm 
(Ref, 8). 
erg/gr.  deg C, becomes 
an in t e rpo la t ion  formula supposedly v a l i d  down t o  molecular dimensions 
= 2,6,  t he  shock hea t ing  f o r  s p e c i f i c  heat  8r( 10  6 S e t t i n s  1. = 005? -
independent. of p r o j e c t i l e  s t r u c t u r e  and i t s  ve loc i ty  and determined s o l e l y  by 
t h e  s i z e  of t h e  r e s u l t i n g  fragments a s  shown i n  Table 7. 
Table 7 
Diameter of stony 
fragments, ern 100 
Average crushing 
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Clearly,  shock hea t ing  t o  1000°C of  a meter s i z e  me teo r i t i c  chunk, e j ec t ed  
from a crushed matrix (without a l l - s i d e d  compression), cannot be considered as 
feas ib l e ,  and t h i s  e spec ia l ly  because me teo r i t i c  s tones  a r e  of  much lower s t r eng th  
than assumed here  (Ref. _p 29) ,  probably because of some primeval shock which l e d  t o  
t h e i r  fragmentation. It may be added that the  f i g u r e s  of Table 7 represent  c h i e f l y  
f r i c t i o n  hea t ing  on t h e  sur face  of t h e  surv iv ing  fragments, while i n t e r n a l l y  the  
hea t ing  from i n e l a s t i c  compression is  much smaller ,  of  t h e  order  of 1 - 2OC as 
est imated e a r l i e r .  Hence me teo r i t i c  s tones,  broken up by pressure  shock i n  the  
atmosphere, are known t o  have been covered by a l a y e r  of i c e  when landing i n  a 
d i t c h  - they sometime preserved t h e i r  l o w  temperature of i n t e rp l ane ta ry  space. 
These views dmay seem t o  be i n  c o n f l i c t  with the  f ind ings  of Anders (Ref.26) p_ 
and Heymann (Ref, 28) t h a t  t he  s h o r t  helium re t en t ion  ages a r e  co r re l a t ed  wi th  
c l e a r l y  marked shock e f f e c t s ,  However, t he re  hardly is any unresolvable contra-  
d ic t ion .  
a primeval c o l l i s i o n ,  da t ing  back t o  some k 0 5  b i l l i o n  years ,  may have sha t t e red  
the  rocky matrix, making it not only s o f t e r ,  as observed i n  meteori tes  e a s i l y  
breaking up during descent i n  the  atmosphere (Ref. - 29), but  rendering it more 
permeable t o  helium (and p a r t l y  also t o  argon) ,  which escaped a t  t he  more recent  
reheat ing.  
The shock apparent ly  must have predated t h e  hea t ing  and escape of  helium; 
Another ob jec t ion  t o  t h e  genera l  v a l i d i t y  of  t h e  f i g u r e s  of Table 7 can be 
seen i n  t h e  f a c t  tha,t i n  t e r r e s t r i a l  meteor c r a t e r s  t r a c e s  of hea t ing  and phase 
t r a n s i t i o n s  can be found t h a t  requi re  pressures  far i n  excess of t he  crushing 
s t r eng th  of the  materials; and ye t  s i z a b l e  blocks wi th  these  t r a c e s  have s u r -  
vived, Here we are dea l ing  with the  e f f e c t s  of  a l l - s i d e d  compression, of a 
material which could not  escape except by p l a s t i c  flow; it must belong mostly 
t o  t h e  bottom and depths of t h e  c r a t e r ,  Much of t h i s  ma te r i a l  i s  s t i l l  found 
- i n  -3 s i t u  not being e jec ted ;  e l a s t i c  a f t e r - e f f e c t s ,  following the  r e l e a s e  of 
pressure ,  may have caused cracking and mild "jumping" of some blocks which, how- 
ever:, d i d  not  t rave l  very far. On the  contrary,  t h e  fragments e j ec t ed  wi th  s i z -  
able v e l o c i t i e s  must have been subjected t o  one-sided crushing ' s t resses ,  wi th  
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free escape i n  one d i r ec t ion .  Most of t h e  debris of c r a t e r i n g  comes from t h i s  
des t ruc t ive  crushing process,  and only th i s  seems t o  be ab le  t o  send out  inde- 
pendent meteor i tes  i n t o  space. The f i g u r e s  of  Table 7 r e f e r  t o  t h e  bulk of c r a t e r  
e j e c t a .  Hyperpressures (up t o  8 X dyne/cm , - Ref. 28) lead ing  t o  heat ing,  
could have a f f e c t e d  not more than  3% of  the  c r a t e r i n g  mass ( i n  proport ion t o  the  
inverse square r o o t  of p re s su re )  , and s i z a b l e  fragments preserved from destruc-  
t i o n  by a l l - s i d e d  compression must account f o r  l e s s  than one-half of t h i s - a  
t i n y  f r a c t i o n  l o s t  among t h e  mass of "ordinary" fragments, 
2 
The hypothesis of a p lane tary  c o l l i s i o n  which happened 500 mil l ion  years  
ago, involving a s t e r o i d s  or a s t e r o i d a l  fragments d ive r t ed  t o  e a r t h  crossings by 
Mars per turba t ions ,  has such formidable q u a n t i t a t i v e  and p r o b a b i l i t y  odds aga ins t  
it t h a t  it cannot be r e a d i l y  accepted unless  a-11 other  p o s s i b i l i t i e s  f a i l .  Y e t  
t h i s  i s  by no means t h e  case. 
Hyperpressure shock may transform o l iv ine  (and o the r  minerals)  i n t o  a f i n e l y  
po lyc rys t a l l i ne  s t r u c t u r e  (Refs. 28, 30)  Differen t  minerals a.nd d i f f e r e n t  s i z e  
c r y s t a l s  are formed whose gas r e t e n t i o n  a b i l i t i e s  may be very d i f f e r e n t ,  If the  
___q 
hypersthenes a r e  surv ivors  of such an a l l - s i d e d  shock which happened 4.5)( 10 9 
years  ago, t h e i r  s h o r t  and near ly  constant helium r e t e n t i o n  ages could be ex- 
p la ined  by assuming t h a t  about 12% of t h e  shocked ma te r i a l  kept helium f i rmly 
while from the  r e s t  t h i s  gas w a s  leaking out ,  The va r i ab le  ages f o r  argon can 
then  be explained by assuming t h a t ,  i n  add i t ion  t o  the  12%? a va r i ab le  proport ion 
of t h e  remaining mat r ix  w a s  a b l e  t o  r e t a i n  argon while being permeable t o  heclium, 
The rap id  loss of the  gases from the  permeable f r a c t i o n  of t he  mat r ix  could have 
taken place a t  a l a t e r  s tage ,  during t h e  30 f mil l ion  years  of cosmic-ray expo- 
su re  with occasional  s o l a r  heat ing,  a , f te r  t he  fragments were re leased  from the  
cold icy  environment of t h e  comet nucleus, 
60 mi l l ion  years  (Ref. - 28) is then no t iming a8dmm-k a t  a l l ,  but  only r e f l e c t s  
t he  d i s t r i b u t i o n  of components of  d i f f e r e n t  permeabi l i ty ,  wi th  respec t  t o  gas 
d i f fus ion ,  i n  t h e  shocked matrix.  
themselves, wi th  the  est imated r a t e  of  space erosion,  would imply t h a t  t he  
p re sen t ly  observed metre 
- 
The helium re t en t ion  age of 520 C - 
An age of  500 mil l ion  years  f o r  t he  meteori tes  
s i z e  ob jec t s  a r e  t h e  res idue  of a populat ion of 10-20 
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metre-size bodies,  
m a s s  and, what i s  a more c r u c i a l  c r i t e r i o n ,  i n s t ead  of Equation (l), a d i f f e r e n t  
This would r equ i r e  an impossibly high wastage of me teo r i t i c  
populat ion formula, 
dN = C(x + a)-'dx= C-'x-qdx, 
1 
where c a is  the  ab la t ion ,  o r  x + a t h e  o r i g i n a l  rad ius .  
age of 700 mil l ion  years  and p 
the  apparent populat ion exponent, q becomes s m a l l ,  approaching zero, 
When a>> x as for an  
3.7 as f o r  an o r i g i n a l  populat ion of  meteori tes ,  
Thus, fo r  x = 50 em, a = 458crn as f o r  e ros ion  over s eve ra l  hundred mi l l i on  years ,  
q = 0 .1  p = 0.27, o r  t h e  frequency of r a d i i  should run very f l a t  and terminate  
a t  a lower l i m i t  of complete e ros ion  (x  = O), 
we know of t h e  frequency of meteori te  s i z e s  t h a t  t h e  suggestion must be r e j e c t e d  
as extremely improbable ( f o r  d i s t r i b u t i o n  of  t he  weight of recovered hypersthene 
fragments, cf. Heymann, Table I i n  - Ref. 28; these  show indeed an e f f e c t  i n  the  
expected d i r ec t ion -a  f l a t  d i s t r i b u t i o n  of s i zes ;  but  t h i s  i s  t h e  r e s u l t  of 
atmospheric a b l a t i o n  and, when the  l a t t e r  i s  allowed fo r ,  t he  e f f e c t  disappears) .  
T h i s  i s  so much contrary t o  what 
Although, on our model, about 88% of t h e  helium produced r ad ioac t ive ly  i n -  
s i d e  t h e  minerals of these  hypersthenes i s  l i k e l y  t o  d i f f u s e  away, some hea t ing  
i s  necessa r i ly  requi red  f o r  t h e  process.  For t h i s ,  t h e  fragments, i n  t h e i r  
o r b i t a l  revolut ion,  must have come s u f f i c i e n t l y  near  t h e  sun, during t h e i r  cosmis- 
ray  and eros ion- l imi ted  exposure l i f e t i m e s  of  0.03-60 mil l ion  years  (Ref. - 28) ,  
being heated and reheated i n  repeated pe r ihe l ion  passages.  
The sungrazing family of comets (Ref. c_ 31) shows t h a t  such cometary ob jec t s  
wi th  small pe r ihe l ion  d is tances  may be q u i t e  common. Seven members of t h i s  
family have been observed between 1843 and 1965, t h e i r  nuc le i  ranging i n  s i z e  
from 8 t o  78 km. 
breakup i n  pe r ihe l ion  about l 3 0 , O O O  years  ago of a nucleus 110-120 km i n  diameter, 
of a mass of the  order  of 5x 10 
The d ispers ion  i n  t h e i r  o r b i t a l  elements po in t s  t o  a t i d a l  
4 Encke's comets. A t  a perhe l ion  d is tance  of 
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0,006 a.u.  and a per iod  of revolu t ion  around 1000 years ,  t h e  evaporation ages 
amount t o  1-2x 10 
nuc le i  s ince  t h e  o r i g i n a l  breakup. Also, during pe r ihe l ion  passage, t he  black 
body equi l ibr ium temperature of a, s o l i d  could reach seve ra l  thousand degrees. 
If a s i m i l a r  or l a r g e r  nucleus ( iw 700 km)(or n u c l e i )  was (were) d i r ec t ed  by 
s t e l l a r  per turba t ions  and by J u p i t e r  many mi l l i on  years  ago i n t o  a near  sun- 
grazing o r b i t ,  t h e  meteor i tes  shed by it during some lOLl0  
%nee as a l i v e  comet could have been thoroughly heated i n  repeated pe r ihe l ion  
passages and thus  l o s t  t h e  less f i rmly held 88% of the  helium, r e t a i n i n g  the  
12% f rac t ion .  
comets, Subsequently the  o r b i t s  of the  meteor i tes  must have been completely 
changed by p lane tary  per turba t ions  and dispersed a l l  over t he  s o l a r  system, 
5 years ,  i nd ica t ing  a considerable  decrease i n  s i z e  of t h e  
6 years of i t s  e x i s -  
The hypersthenes most probably a r e  remnants of such a comet o r  
10. The Dual Origin of Meteori tes  
I n  the  preceding, a s t rong  case has been made f o r  an immediate cometary o r i -  
g i n  of t h e  meteori tes .  Erosion precludes the  s u r v i v a l  of  meter s i z e  stony meteo- 
rites f o r  longer  than about 3 X 10 
ages are of t he  same order  o r  sho r t e r ,  t h e i r  upper l i m i t  i s  accounted f o r  by 
erosion.  
envelope q u i t e  recent ly . .  
nucleus, d i s i n t e g r a t i n g  along wi th  t h e  evaporation of i t s  i c e s ,  Some very shor t  
exposure ages determined by Anders (Ref. 32) of t h e  order  of 10 years ,  and even 
30,000 years  (b lack  hypersthene chondri te  Farmington, Ref. 28) a r e  e a s i l y  under- 
s tandable  from t h i s  s tandpoint ,  while t h e  a s t e r o i d a l  c o l l i s i o n  theory,  i n  add i -  
t i o n  t o  a l l  the  o r b i t a l  and o ther  d i f f i c u l t i e s  enumerated above, would also r e -  
qu i r e  a miraculously high c o l l i s i o n  r a t e  t o  account f o r  such objec ts ,  This is  
e spec ia l ly  c l e a r l y  brought out by the  d i s t r i b u t i o n  of t h e  r a d i a t i o n  (cosmis-ray 
exposure) ages of t he  hypersthenes as shown i n  Table 8 (from Fig. 13 i n  Ref, 28)0  
7 years ,  and, while t he  cosmic ray  exposure 
Hence t h e  meteori tes  must have been re leased  from a p ro tec t ive  
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Table 8. Radiation Ages of Hypersthene Chondrites 
Age, 6 
10 years  0-5 7-10 10-15 13-20 20-25 25-30 30-35 35-40 40-45 45-50 A l l  
Number 
Normal 
Chondrites 17 13 20 10 18 8 8 6 1 1 102 
Black 
Chondrites 3 5 2 1 4 1 1 1 1 1 20 
A l l  
2 2 122 Hypersthenes 20 18 22 11 22 9 9 7 
The black hypersthenes a r e  those appearing t o  be sever ly  shocked (Anders, 
Ref, 26), bu t  t h e  d i s t r i b u t i o n  of t h e i r  r a d i a t i o n  ages does not  seem t o  be 
f e ren t  from the  r e s t ,  implying a "washed-out" but  apparent ly  uniform d i s t r i b u t i o n  
of t he  " c o l l i s i o n  events" during the  p a s t  25 mil l ion  years .  
such a r a t e  appear t o  be unacceptable, a r e l ease  from j u s t  as many d i s i n t e g r a t i n g  
comet nuc le i  is  the  most n a t u r a l  explanation. 
d i f -  
q__ 
While c o l l i s i o n s  a t  
On the  o ther  hand, a11 t h e  s t r u c t u r a l  p r o p e r t i e s  of meteori tes  po in t  t o  t h e i r  
o r i g i n  in s ide  a s t e r o i d a l  o r  sub-lunar s i z e  bodies whence they  must have been r e -  
leased through ca t a s t roph ic  c o l l i s i o n s  ( c f .  Ref o 18, e t  alias ). However, t hese  
events  must be re lega ted  t o  the  dawn of t he  s o l a r  system when t h e  g i a n t  p l a n e t s  
were formed. A t  t h i s  t i m e  l i t t l e  p l ane t s  were coming i n t o  exis tence out  of t he  
pre-planetary nebula, t o  be broken up again i n  mutual c o l l i s i o n s ,  Some of t h e  
fragments were again imbedded i n  t h e  i c e s  of comet nuc le i  (which were probably 
t h e  most common kind of t he  l tplanetesimals"  ). 
p lane t s ,  but  some were e j ec t ed  t o  Oor t ' s  sphere of the comets. 
way of s t e l l a r  per turba t ions ,  cont inua l ly  suppl ies  t h e  inner  s o l a r  system wi th  
newcomerse f r e s h  comets. The mechanism of p lane tary  acc re t ion  during t h e  e a r l y  
s t ages  of t he  s o l a r  system, accompanied by an  acce le ra t ion  and e j e c t i o n  of some 
of t he  r e s i d u a l  debr i s  t o  the  extreme boundaries of t he  s o l a r  system, has been 
analysed elsewhere (Ref. 4); it works so smoothly, ch ie f ly  on account of a 
- - -_II 
These were mostly absorbed by the  
T h i s  sphere, by 
-
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gradual  acce le ra t ion  i n  d i s t a n t  encounters wi th  t h e  p l ane t ,  t h a t  few objec ts  a r e  
overshot i n t o  i n t e r s t e l l a r  space, while most s e t t l e  i n  Oor t ' s  sphere, a t  10-10 
astronomical un i t s ,  being " s t ab i l i zed"  the re  by per turba t ions  from passing stars. 
Also, t h e  e j e c t i o n  begins only when t h e  p l ane t  ( J u p i t e r )  has been almost com- 
p l e t e l y  formed, otherwise t h e  ma te r i a l  i n  the ' 'nebular" r i n g  ( p a r t l y  s o l i d  debr i s ,  
p a r t l y  gas)  i s  so dense as t o  damp t h e  acce le ra t ion  and t o  force a l l  the  objec ts  
i n t o  near -c i rcu lar  o r b i t s .  
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